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INTRODUCTION
Verotoxin-producing Escherichia coli (VTEC) of the serotype O157:H7 is the major cause of severe gastrointestinal infections worldwide. Ruminants are the main reservoir for the bacteria and the main source of human infections, where the most common routes are contaminated raw products such as ground beef, vegetables or unpasteurised milk as well as environmental transmission (Strachan et al. 2006) . The main virulence factors for VTEC O157:H7 are the verotoxins (also known as Shiga-like toxins or Shiga toxins), VT1 and VT2, encoded by vtx genes. VT2 is generally more associated with severe disease than VT1, and Figure 1 . (a) Structure of an IS629 element and the vtx2c gene, (b) three patterns of insertional inactivation described in this study, (c) a digital PCR system for investigating the presence of pattern A; if the insert is present, no PCR product is generated. Example data are shown with a no template (negative) control [I] , a pattern A insert carrying isolate grown on horse blood agar [II] , the same isolate grown on minimal glucose medium [III] and a positive control containing ∼1300 genome copies of a wild-type vtx2c gene [IV] . No FAM signals are detected in [I] , while the positive control and samples generates individual positive signals (blue markers) in [II-IV] relative to the number of genome copies without the insert. Negative and empty droplets are indicated by grey markers.
its various subtypes vtx2a and vtx2c are most commonly found to associate with severe human infections (Persson et al. 2007) .
Insertion sequence (IS) elements are small mobile genetic elements that are widely distributed in both eukaryotic and bacterial genomes. They only encode a transposase, but their insertion in the genome can cause gene inactivation, gene expression changes, deletions or duplications. IS elements have been classified into about 20 families based on sequence identity, their terminal inverted repeats (TIRs) and several other features (Chandler and Mahillon 2002) . IS629 is around 1300 bp and is a member of the IS3 family, which have sequence lengths between 1050 and 1550 bp, and TIRs between 20 and 40 bp. They generally have two partially overlapping reading frames, orfA and orfB (Fig. 1a) . The major mechanism for mobility is believed to be by replicative transposition ('copy and paste') as it is for the well-characterised IS3 family member IS911. The transposition starts with the formation of a figure-eight intermediate, followed by generation of an excised circular DNA molecule that inserts at random in the target DNA (Chandler and Mahillon 2002) . Phylogenetic analysis of IS629 elements in O157:H7 and O55:H7 genomes has revealed that the elements can be divided into three different subtypes, with around 5% sequence variation between them. O157:H7 strains carry subtypes I and III, whereas subtype II is only found in O55:H7 strains. IS629 has been found to be present more frequently in O157-specific regions than in the chromosome backbone (Rump, Fischer and Gonzalez-Escalona 2011) . IS629 insertion in the vtx 2 gene was first reported in a VTEC O157:H7 isolated from cattle in Japan in 1999, and has since then been reported in a patient from an outbreak in the USA, in cattle in the USA and in an asymptomatic food handler in Japan (Kusumoto et al. 1999; Jinneman et al. 2000; Harada et al. 2013; Park et al. 2013) . We have also previously described the occurrence of this phenomenon in a single isolate each from Swedish sheep and cattle (Eriksson et al. 2011; Soderlund et al. 2012) . In this study, we investigated the occurrence and genetic consequences of IS629 insertion in verotoxin 2 genes of Swedish O157:H7. We also use digital PCR to directly and quantitatively study the reversion rate of certain forms of insertional inactivation, in order to better understand the pathogenic potential of strains with inactivated verotoxin genes.
MATERIALS AND METHODS

Bacterial isolates
A nationwide slaughterhouse prevalence study of Escherichia coli O157:H7 was conducted in Sweden during a 1-year-period 2011-2012. A total of 2376 faecal samples were collected at major slaughterhouses nationwide, with the number of samples proportional to the number of animals slaughtered at each location. Isolation from faecal samples was performed using immunomagnetic separation and selective culture as previously described (Widgren et al. 2015) . A total of 75 isolates were found and available for characterisation in this study. For comparison, a panel of 25 randomly selected Swedish patient isolates of O157:H7 with LSPA-6 profile 213111 (Yang et al. 2004 , Soderlund et al. 2014 ) from the period corresponding to the cattle prevalence study were kindly provided by Cecilia Jernberg, The Public Health Agency of Sweden.
Verotoxin typing, LSPA-6, MLVA and NGS analysis
Verotoxin status was determined by conventional PCR (Paton and Paton 1998 ) and real-time PCR (Perelle et al. 2004 ). Verotoxin 1 subtyping was performed by conventional PCR typing (Scheutz et al. 2012) , while verotoxin 2 subtyping was performed by Sanger (dye-terminator) sequencing using the Persson et al. protocol (Persson et al. 2007 ) with the elongation time extended to 60 s and the number of cycles increased by 10 to allow sequencing of verotoxin genes with IS elements (see below). LSPA-6 and multilocus variable number of tandem repeats (MLVA) profiles were determined using the Yang et al. (2004) and Hyytiä-Trees et al. (2006) protocols, respectively, implemented as previous described (Soderlund et al. 2014) . High-throughput sequencing was performed on DNA extracted with the Qiagen EZ1 DNA Tissue Kit, with libraries prepared using the Nextera XT Kit and run on an Illumina MiSeq instrument (V2 reagents, paired end 2 × 250bp). Generated reads were assembled with MIRA 3.9.15. Analysis of the assembly was supported by BLAST+ (Camacho et al. 2009 ).
Digital PCR IS element excision frequency assay
To determine IS element excision rates, a representative isolate was cultured on rich solid medium (horse blood agar) as well as on nutritionally poor medium (minimal glucose agar) and then subjected to digital PCR using a Bio-Rad QX100 Droplet Digital PCR System. The isolate was grown at 37
• C overnight and then placed at 20 • C for 6 days. PCR template was prepared by heat lysis of the bacteria. The experiment was performed in six replicates. PCR primers and a FAM-labelled probe were designed spanning base 804 of the vtx 2c gene so that if an insert was present at that location, the PCR would be negative (Fig. 1c) . For each PCR reaction, approximately 1-2 million bacterial chromosomes were separated into 8000-14000 microdroplet reaction volumes. Positive droplets contained at least one gene without the insert; negative droplets were either empty or contained only genes with the insert (Fig. 1c) . All samples were analysed in triplicate. Reactions with less than three positive droplets were considered negative. By calculations in QuantaSoft 1.3.1 (BioRad) based on the Poisson distribution, the number of positive target molecules was calculated from the number of positive droplets, and a geometric mean of the triplicate was calculated as the count of chromosomes with IS excisions. In separate PCR reactions performed in the same way, the corresponding number of O157:H7 genomes in each sample was determined using PCR targeting rfbE (13). Statistical testing of differences between the two culture conditions was performed with the two-sided Mann-Whitney Wilcoxon rank-sum test, performed using R version 3.1.1 (http://www.r-project.org/). Any p < 0.05 was considered significant.
High-throughput sequencing data
Sequence data are available from the European Nucleotide Archive under study accession number PRJEB9757.
RESULTS AND DISCUSSION
Patterns of IS element disruption of verotoxin 2 genes
Out of a total of 75 O157:H7 isolates from a nationwide slaughterhouse prevalence study on Swedish cattle 2011-2012, 10 isolates produced inconsistent results when assayed by conventional and real-time PCR for the detection of verotoxin 2. With conventional PCR, 7 out of the 10 isolates produced a PCR amplicon size of >1500 bp instead of the expected 625 bp, while for the remaining 3 isolates no PCR product was produced. All 10 were positive when assayed by real-time PCR. Partial sequencing of the seven isolates (Persson et al. 2007 ) and alignment of the sequences to a reference vtx 2c gene (Genbank accession number AB015057) showed that an IS629 element of subtype III was located in the A subunit of the gene. For six of the seven isolates, the IS629 was inserted at position 804 of the vtx 2c gene (Fig. 1b,  pattern A) , and for the remaining one it was inserted at position 689 (Fig 1b, pattern B) . The size and position of these inserts makes it highly unlikely that the bacteria can produce functional verotoxin 2 in their presence. Out of the three isolates that did not yield any conventional PCR product, one was selected for next-generation sequencing (NGS) to determine the cause of the conflicting PCR results. Sequence data are available from the European Nucleotide Archive under study accession number PRJEB9757. Analysis of the sequence assembly with BLAST+ (Camacho et al. 2009 ) showed an IS629 insertion at base 804 of vtx 2c , while the rest of the gene was missing (Fig 1b, pattern C) . Similar deletions were previously observed to occur with at a relatively high frequency by Kusumoto et al. (2011) . The mechanisms remain unknown, but it has been suggested that the deletions are a result of aberrant strand transfer during the replicative transmission of the IS element (Kusumoto et al. 2011) . Re-analysis of samples from previous prevalence studies (see Söderlund et al. 2014 ) revealed one VTEC O157:H7 isolate dating back to 2008 that also had a vtx 2c ::IS629 insertion of pattern C. Since the insertions are believed to occur at random positions, this suggests that the same clone may have persisted in the cattle reservoir for several years with an inactivated vtx 2c gene. All isolates with IS element insertions had the LSPA-6 profile 213111, and carried intact vtx 1a genes. This type of O157:H7 has previously been shown to be a common cause of both domestic and imported cases of human O157:H7 illness in Sweden (Soderlund et al. 2014) . Molecular typing by MLVA (Hyytia-Trees et al. 2006) showed a close relationship between all pattern A isolates (profiles NA-7-14-5-6-6-6-7 (n = 3), NA-7-14-5-6-7-5-7 (n = 1) and NA-7-14-6-6-7-5-7 (n = 2)), suggesting this is an example of a recent clonal expansion and spread between farms and The O157:H7 strain containing vtx2c::IS629 was grown in six replicates on two different types of solid media. After 7 days of incubation ddPCR analysis was performed in triplicate for each sample (undiluted) to detect vtx2c genes from which the IS element had been excised, and in one replicate of each sample (diluted 1:1000) to determine the number of O157 genome copies. The excision frequency was calculated as the number of intact vtx2c copies per genome for each sample. MIN7-1 failed to yield any droplets and only one data point was acquired for this sample.
regions. The isolates with patterns B and C, however, did not closely match any of the other pattern groups (MLVA profiles 7-7-9-2-6-6-4-8 and NA-8-17-5-7-6-5-11, respectively).
IS element excision frequency assay by digital PCR
It has previously been shown that in O157:H7, a vtx 2 gene containing an IS629 element can revert spontaneously to the wildtype vtx 2 gene at frequencies in the order of 10 −6 , and that the production of VT2 can thereby be restored (Kusomoto et al. 2001; Harada et al. 2013) . To see how stable the IS629 element insertions detected in this study were, a representative isolate of the most common pattern (A) was cultured on rich solid medium (horse blood agar) as well as on nutritionally poor medium (minimal glucose agar) and was then subjected to a novel digital PCR assay designed in such a way that if an insert was present, the PCR would be negative (Fig 1c) . The total number of O157:H7 genomes in each reaction was determined using PCR targeting rfbE (13). In this way, the IS status of a large number of bacterial chromosomes can be directly assayed, which has only been possible in model systems with previous approaches. In cultures grown on horse blood agar, we estimated that a fraction of between 2.3 × 10 −5 and 4.7 × 10 −5 of individual bacteria had intact vtx 2c genes. When bacteria were grown on minimal glucose agar, the fraction increased to 7.2 × 10 −5 to 1.6 × 10 −4 (Table 1 ). The difference was statistically significant (two-sided Mann-Whitney Wilcoxon rank-sum test, p < 0.01). It is generally assumed that the excision of IS elements from bacterial genomes is a rare event, since most bacteria lack the end-joining system needed to repair the donor DNA after IS excision. However, Kusumoto et al. (2011) recently showed that a precise excision of IS629 occurs more frequently in the O157 Sakai strain than in K-12, and were able to identify the gene promoting the excision, ECs1305. This gene was present and intact in the single isolate sequenced by NGS in this study. The isolates studied by us belong to a different lineage of O157:H7 (closely related to LI/II) than the Sakai strain (LI), and strain-associated variation in excision frequencies has been demonstrated in previous studies (Kusumoto et al. 2011) . As demonstrated here, experimental conditions influence the excision frequency, with reversal events occurring more frequently under starvation. Perhaps this is also true for other stressful conditions experienced by the bacteria outside their host, e.g. in a food matrix or the farm environment. In contrast, pattern C (Fig 1b) is likely to be an irreversible inactivation as a substantial part of the genes encoding VT2 is missing.
Public health relevance and perspectives
The insertion of IS629 in the vtx 2c gene will lead to inactivation of the gene and therefore a loss of verotoxin 2 function for the strains, presumably leading to reduced virulence (Kusumoto et al.1999; Jinneman et al. 2000; Okitsu et al. 2001) . A single case of VTEC O157 harbouring VT1 together with vtx 2 ::IS629 from a patient has been previously reported (Jinneman et al. 2000) . VTEC O157:H7 with the LSPA-6 profile 213111 are commonly isolated from Swedish patients (Soderlund et al. 2014) , so 25 Swedish patient isolates with LSPA-6 profile 213111 from the period corresponding to the cattle prevalence study (2010-2011) (kindly provided by Cecilia Jernberg, The Public Health Agency of Sweden), were analysed by conventional PCR with regard to the presence of IS629 in the vtx 2c gene. All patient isolates had an intact gene, supporting the notion of decreased virulence of the vtx 2c ::IS629 isolates. It has been suggested that inactivation of the verotoxin protein could increase the fitness of the bacteria in the bovine host (Park et al. 2013) , but on the other hand verotoxigenic E. coli are abundant in the gastrointestinal tract of ruminants. All vtx 2c ::IS629 isolates in this study were also positive for vtx 1a , and it is possible that this is sufficient to benefit the bacteria when colonising cattle, while making them less likely to cause severe symptoms in infected humans. What benefit VTEC gain from carrying verotoxins is still an open question. It has been suggested that toxin production can help combat eukaryotic cells such as protozoan predators (Los et al. 2012) . In addition, verotoxin seems to induce host factors promoting epithelial adhesion (Robinson et al. 2006) . Verotoxin-encoding phages have been shown to be involved in the regulation of the O157:H7 type III secretion system (Xu et al. 2012) , suggesting that the presence of a phage carrying an inactivated toxin gene can perhaps still be a functional asset in other regards.
In this study, we show that IS629-mediated inactivation of verotoxin 2 occurs in diverse patterns, is surprisingly common in cattle isolates of O157:H7 and at least in some cases reversible. We also conclude that isolates with these inserts can persist in the long term and spread between farms. Future prevalence studies will reveal if the high prevalence of insertional inactivation is temporary or a lasting trend. Insertional inactivation may be a more widespread form of virulence modulation than commonly acknowledged, and will most likely be overlooked by traditional PCR-based typing methods. This study also shows the feasibility of using digital PCR to directly quantify mobile genetic element dynamics.
